Cone-beam CT (CBCT) images acquired during radiation treatment can be used to recalculate the dose distribution as well as to confirm the treatment location. However, it is difficult to obtain the electron densities (EDs) necessary for dose calculation from CBCT images because of the effects of scatter contamination during CBCT image acquisition. This paper presents a mathematical method for converting the pixel values of CBCT images (CBCT values) into Hounsfield units (HUs) of radiation treatment simulation CT (simCT) images for use in radiation treatment planning. CBCT values are converted into HUs by matching the histograms of the CBCT values with the histograms of the HUs for each slice via linear scaling of the CBCT values. For prostate cancer and head-and-neck cancer patients, the EDs obtained from converted CBCT values (mCBCT values) show good agreement with the EDs obtained from HUs, within approximately 3.0%, and the dose calculated on the basis of CBCT images shows good agreement with the dose calculated on the basis of the simCT images, within approximately 2.0%. Because the CBCT values are converted for each slice, this conversion method can account for variation in the CBCT values associated with differences in body size, body shape, and inner tissue structures, as well as in longitudinally displaced positions from the isocenter, unlike conventional methods that use electron density phantoms.
Introduction
A cone-beam computed tomography (CBCT) unit is mounted on most linear accelerators. The effective use of CBCT images reduces patient setup inaccuracy by rigid image registration between daily CBCT images and radiation treatment simulation CT (simCT) images [1] [2] . However, in some cases, rigid image registration does not sufficiently account for anatomical changes in the target and organs at risk (OARs) that occur during some or all of the radiotherapy course [3] . Daily CBCT images can be used to recalculate the daily dose to a patient and facilitate the use of adaptive radiation therapy (ART), which accounts for daily anatomical changes in the target and the OARs [4] .
In general, the dose calculations in a radiation treatment planning system (RTPS) are performed using an HU-ED or HU-PD conversion table that converts Hounsfield units (HUs) in simCT images into electron densities (EDs) or physical densities (PDs) [5] [6] [7] . However, it has been reported that CT values in CBCT images (CBCT values) may fluctuate, compared to HUs, because of scatter contamination, depending on the size, shape, and inner tissue structures [3] [8]- [13] .
In addition, it has been reported that the CBCT values fluctuate with increasing distance from the center in the longitudinal direction [10] . Therefore, it is difficult to convert CBCT values directly into electron densities.
Several studies have reported that CBCT images can be used for dose calculations under such circumstances [8] [9] [10] [13] [14] [15] [16] . Yang et al. [9] mapped HUs in simCT images to the corresponding voxels in CBCT images after the simCT images were displaced and deformed into anatomical information in the CBCT images using deformable image registration (DIR). A bulk method has been proposed to assign general HUs (e.g., air = −1000 HU, soft tissue = 0 HU, dense bone = 650 HU) or the mean HUs of the regions (air, soft tissue, bone, etc.) in the same patients to the same regions in the CBCT images [14] [15] [16] . Marchant et al. [17] created a shading map to correct CBCT values.
These methods, however, involve a risk that the anatomical information in the CBCT images is lost.
To convert CBCT values directly into EDs or PDs, Richter et al. [10] generated CBCT-PD conversion tables using the PDs corresponding to the mean HUs of arbitrary regions of interest (ROIs) in simCT images and the mean CBCT values
of the same ROIs in CBCT images of three different patient groups (head, chest, and pelvis). Similarly, Hu et al. [8] generated CBCT-PD conversion tables using the PDs corresponding to the mean HUs of 13 ROIs in simCT images and the mean CBCT values of the same ROIs in CBCT images acquired on the same days as the simCT images. Rong et al. [13] generated CBCT-ED conversion tables using electron density phantoms (EDPs) with sizes and shapes similar to those of the head, chest, and pelvis. These methods suggest that dose errors of more than 3% relative to dose calculations based on simCT images may occur when the patient groups or EDPs used to generate the conversion tables are different from the actual treatment size, shape, and inner tissue structures [10] [13] . In addition, the conversion tables do not account for variation in the scatter contamination with increasing distance from the isocenter (i.e., the center of the cone angle) in the longitudinal direction. Therefore, the conversion from CBCT values to electron densities and the calculated dose for regions including multiple treatment regions (e.g., head-and-neck regions including supraclavicular lymph nodes or truncal sites including the diaphragm) might be inaccurate.
In this paper, we examine a mathematical method of converting CBCT values into HUs. This approach aims to calculate the dose using an HU-ED conversion table, and we evaluate the application of this method to radiation treatment planning using a single photon beam. Figure 1 shows an HU-ED conversion curve and a CBCT-ED conversion curve generated by using an electron density phantom (CIRS Electron Density Phantom Model 062 MA, Norfolk, VA, USA). The figure also shows histograms for which the vertical axis represents pixel counts having the same HUs or CBCT Figure 1 . Electron density conversion curves and histograms acquired from simCT and CBCT images of electron density phantom.
Materials and Methods

Conversion of CBCT Values into HUs
values. The simCT images were acquired using the GE Optima CT660 Pro (GE, Milwaukee, WI, USA), and the CBCT images were acquired using the Elekta Synergy XVI R4.0 (Elekta, Stockholm, Sweden). For the histograms of the simCT images, the positions of air and water were −1000 HU and 0 HU, respectively, based on HU calibration. The positions and heights of the histograms of the CBCT images were different from those of the simCT images because the CBCT values were affected by scatter contamination. The HU-ED and CBCT-ED conversion curve forms two approximate straight lines near the folding point of the electron density of water [10] [11] . We converted the CBCT values into HUs by linear scaling of the CBCT values for the soft tissue and bone regions. CBCT values were converted into HUs for five prostate cancer patients and three head-and-neck cancer patients. These patients were selected at random regardless of size, age, and the tumor clinical stages. SimCT images were acquired using the helical mode at settings of 120 kV, 400 mA, and a 50-cm field of view (FOV). CBCT images were acquired at settings of 120 kV and 40 mA, using an M 20 collimator cassette with a 41-cm FOV and 27.67-cm longitudinal FOV. A bowtie filter was used to obtain clear body contours.
The first step for the conversion of CBCT values into HUs is to establish a correspondence between the spatial locations of the pixels in the simCT and CBCT images (resampling). The three-dimensional bone information in the simCT and CBCT images were matched by implementing bone-based rigid image registration between the simCT and CBCT images. The slice thickness and matrix size of the CBCT images were matched with those of the simCT images. We refer to the CBCT images created in this step as resampled CBCT (rCBCT) images. The bone-based rigid image registration and rCBCT image generation were performed using Velocity AI (Velocity Medical Solutions, Atlanta, GA, USA).
The rCBCT values were converted into HUs according to the following steps.
1) The simCT images and rCBCT images of the same patient were imported into an in-house software program.
2) The soft tissue and bone regions for the simCT and CBCT images were divided because the HU-ED and CBCT-ED conversion tables have different slopes above the electron density region of water, as shown in Figure 1 . If there was some noise that has high CBCT values such as streak artifacts around the bone, this noise was eliminated from the bone region using erosion and dilation operators. To evaluate the consistency of the histograms between the HUs and mCBCT values, the sum of the squared differences (SSD) of the pixel counts of the histogram were calculated using Equation (2) and Equation (3).
Soft tissue region:
( ) 
Bone region:
where i denotes the HU or mCBCT value, threshold is the threshold value for dividing the soft tissue and bone regions in CBCT images (the threshold is equal to the value of the peak-end corresponding to the soft tissue in the histogram in most cases),
Count is the pixel count with HU = i, and
Count is the pixel count with an mCBCT value = i calculated using Equation (1). The a and b values were given to Equation (1), and the SSD for the soft tissue and the bone regions was calculated using Equation (2) and Equation (3). These calculations were iteratively performed until the minimum SSD was acquired.
4) The mCBCT images created were saved as DICOM files.
At present, the application of a sequence of these steps (from scanning the CBCT images to creating the mCBCT images) takes approximately 30 min per 100 images to complete on a general-purpose computer with a 3.40 GHz Intel
Core i7 CPU and 12.0 GB RAM.
Evaluation of mCBCT Values
In the evaluation of the mCBCT values, the relative electron densities converted from the mCBCT values (RED mCBCT ) were compared with the relative electron densities converted from the HUs (RED simCT ) for the pelvic and head-and-neck regions. The RED mCBCT and RED simCT values were converted using the HU-ED conversion table generated from the electron density phantom (Figure 2(a) ).
To compare this method with the conventional method, the relative electron densities converted from the rCBCT values (RED rCBCT ) were evaluated. The rCBCT values were converted into RED rCBCT values using the method described by Rong [13] , which involves the use of CBCT-ED conversion tables ( Figure   2 (c)) generated from CBCT images of electron density phantoms of the pelvis (Figure 2(a) ) and head ( Figure 2(b) ).
For the pelvic region, the ROIs evaluated were the prostate, adipose, muscle, and bone ( Figure 3 ). For the head-and-neck regions, the ROIs evaluated were the parotid gland, muscle, spinal cord, and bone ( Figure 4 ). The ROIs of each region were set in the axial images at the isocenter and longitudinally displaced positions (off-center).
Evaluation of Calculated Dose
In the evaluation of the dose calculations using the mCBCT images, treatment plans based on the simCT and CBCT images were developed using a single anterior photon beam passing through the slices shown in Figure 3 and Figure   4 . The photon energy was 10 MV for the prostate cases and 4 MV for the head-and-neck cases. All of the plans had beams at the same isocenter, with 100 monitor units (MUs). The calculated dose profiles based on the CBCT images for the slices shown in Figure 3 and Figure 4 were compared with the dose profiles based on the simCT images. The differences in the dose distributions between the CBCT plans and the simCT plans were analyzed using gamma 
Results
Conversion of CBCT Values into HUs
The simCT, rCBCT, and mCBCT images of a prostate cancer patient and a head-and-neck cancer patient are shown in Figure 5 and Figure 6 , respectively.
When these images were displayed with the same window level (WL) and window width (WW), the simCT and mCBCT images had a subequal dynamic range. However, shading artifacts that reduce the mCBCT values were observed in the posterior regions of all of the slices for the prostate cancer patient as well as the 10.6-cm off-center slice for the head-and-neck cancer patient. In addition, streak artifacts that increase the mCBCT values were observed around the bone in all of the mCBCT images. The histograms of the HUs and CBCT values of the axial images of the isocenter (0.0 cm off-center) slice of the prostate cancer patient (Figures 5(d)-(f) ) are shown in Figure 7 Table 1 shows the results for the ten ROIs (see Figure 3 ) that were evaluated in the isocenter (0.0 cm off-center) and off-center slices for the five prostate cancer patients. The differences in RED rCBCT for the off-center slices were larger than those for the isocenter slices. The standard deviations (SD) of the differences in RED rCBCT for the slices were large because one CBCT-ED conversion table cannot take into account differences in patients' body sizes. In contrast, the differences in RED mCBCT for the off-center slices were nearly equal to the differences in those for the isocenter slice (the difference in the total mean ± one SD was −0.34 ± 0.97%). Table 2 shows the results for the nine ROIs (see Figure 4 ) that were evaluated in the isocenter and off-center slices for the three head-and-neck cancer patients.
Evaluation of mCBCT Values
As in the case of the prostate cancer patients, the differences in RED mCBCT for the off-center slices were larger than those for the isocenter slices. The differences in RED mCBCT for the off-center slices were nearly equal to the differences in those for the isocenter slice (the difference in the total mean ± one SD was −0.15 ± 1.43%), except for the muscle for the 10.0-cm off-center slice.
T. Abe et al. (mean ± 1SD) (4.46% ± 1.49%) (−0.08% ± 1.07%) off-center 0.0 cm (center) 4 57 ± 11 −130 ± 28 2.03% ± 0.86% 51 ± 13 −0.28% ± 0.67% 5 40 ± 5 −114 ± 27 3.52% ± 1.02% 25 ± 11 −0.72% ± 0.76% 6 441 ± 54 393 ± 54 3.12% ± 1.12% 465 ± 52 0.96% ± 0.25% (mean ± 1SD) (2.89% ± 1.10%) (−0.01% ± 0.92%) off-center 10.0 cm (inferior) 7 41 ± 5 −258 ± 11 −5.96% ± 1.44% −15 ± 18 −3.19% ±0.32% 8 38 ± 6 −260 ± 12 −6.03% ± 1.54% 57 ± 9 0.95% ± 0.19% 9 176 ± 18 −133 ± 46 −3.59% ± 1.19% 201 ± 11 1.16% ± 0.39% (mean ± 1SD) (−5.19% ± 1.71%) (−0.36% ± 2.14%)
Total mean ± 1SD 0.72% ± 4.53% −0.15% ± 1.43%
Evaluation of Calculated Dose
For the evaluation of dose calculations using the CBCT images, the treatment plans generated on the basis of the mCBCT and rCBCT images (the mCBCT plans and rCBCT plans, respectively) were compared with the treatment plans generated on the basis of the simCT images (the simCT plans). Figure 8 shows the lateral dose profiles and dose differences for the isocenter and off-center slices obtained using the anterior single beam. In the field for this prostate case, the rCBCT plan agreed with the simCT plan between 2.0% and 0.0% for the isocenter slice. For the −7.0-cm off-center slice, however, the rCBCT plan showed dose differences of up to −4.6% (the maximum dose difference for the other prostate case was approximately 6.5%). The dose difference in the rCBCT plan for the head-and-neck case was approximately −4%, despite the isocenter slice.
The dose differences for the −6.0-cm off-center slice showed an under dose (minimum −6.9%), and those for the 10.0-cm off-center slice showed overdosing (between 2% and 6%). On the other hand, the mCBCT plan resulted in dose differences that agreed to within 2% with the simCT plan for all of the slices. For the other prostate cases, the results in the dose differences of rCBCT and mCBCT plans were similar to those for this case. Table 3 shows the results of gamma analysis for prostate and head-and-neck cancer patients. The gamma passing rates were calculated with a criterion of 2%/2-mm and a threshold of 20%. For most of the rCBCT plans, the passing rates were less than 90% except for the axial-center slices. The passing rates for most of the mCBCT plans were better than approximately 95%, and there was no significant difference between the isocenter slices and off-center slices.
Discussion
The CBCT mounted on linear accelerator has become a valuable tool for adaptive radiation therapy. In Figure 1 and Figure 7 , however, the position of the mode for the CBCT values and HUs was different because the CBCT system used in this study does not provide an HU calibration tool. Previous studies involving direct conversion of CBCT values into electron densities used CBCT-ED conversion tables generated from CBCT images of electron density phantoms
[10] [13] . However, for treatment sites with different sizes and inner tissue structures than the electron density phantom, differences between RED rCBCT and RED simCT were observed in this study. As shown in Table 1 , for the prostate cancer cases, the standard deviation of the differences between RED rCBCT and RED simCT was large, at 8.54%, while the mean difference was only −2.14%. This illustrates the differences in body size and inner tissue structures between the patients and the electron density phantom. The standard deviations of the differences in RED rCBCT for the off-center slices were larger than those for the isocenter slices, and dose differences in excess of 3% were observed for the off-center slices of the rCBCT plan (see Figure 8 (a) and Figure 8(c) ). This shows that the variations in scatter contamination on each side of the cone-beam were large.
The differences in excess of 3% between RED rCBCT and RED simCT for the head-and-neck cases show that one electron density conversion table is not sufficient for sites with complex shapes. For the 10-cm off-center slice of the chest region, the RED rCBCT values for sites larger than the electron density phantoms were underestimated. Therefore, the calculated dose of the rCBCT plan for this site would be higher than that of the simCT plan (see Figure 8(f) ). The passing rates of the gamma analysis (2%/2-mm criterion) were less than 80% (see Table 3 ). An electron density phantom of a chest should be used for this site. On the other hand, the RED mCBCT values were in agreement with the REDsimCT values, to within 3%, for all of the slices (see Table 1 and Table 2 ), and the mCBCT plan produced doses that agree, to within 2%, with those of the simCT plan (see Figure 8 and Table 3 ). Chu et al. [18] reported that a 20 HU uncertainty in CT values for soft tissues and a 250 HU uncertainty in CT values for bone result in no more than 2% of uncertainty in dose calculation. The results of dose calculation in this study are almost consistent with the results of their study.
In this study, we reduced the differences between the CBCT values and HUs using histograms of the CBCT values and HUs. Marchant et al. [17] have also described the histogram matching using the linear scaling. In their method, however, the differences in CBCT values for bone region were larger than soft tissue region because their method was global linear scaling of the CBCT values for the all regions. In this study, the linear scaling of CBCT values was performed for soft tissue and bone region because CBCT-ED conversion curve and HU-ED conversion curve have different gradients for the soft tissue and the bone region
[10] [11] . In addition, this conversion method is independent of the differences in patient size, shapes, and inner tissue structures because this conversion method is performed for each slice. Additional advantages of our method are that the patient's anatomical information for CBCT image acquisition is retained, in contrast to the pixel mapping method [9] and the bulk method [14] [15] [16] . The pixel mapping method changes the CBCT values to HUs after deformable image registration (DIR). However, this method depends on the accuracy of the DIR [4] . Therefore, inaccurate DIR may lead to changes in the anatomical information in CBCT images. The bulk method homogenizes CBCT values in regions of interest (ROIs). Therefore, the original heterogeneity of the ROIs may be lost. For the reasons stated above, our method can improve the accuracy of CBCT-ED conversion, which suggests improving the accuracy of dose calculations using CBCT images.
However, there are some limitations in our conversion method. As shown in Figure 7 , it was difficult to discern adipose tissue and muscle in the histogram of the mCBCT image. This is due to the debasement of image contrast because of scatter contamination. In addition, the difference in the RED mCBCT of infraspinatus muscle for the 10-cm off-center slice for the head-and-neck cases could have been caused by the effect of shading artifacts peculiar to the CBCT images. Further investigation is required to overcome this limitation because our method cannot eliminate this effect. Although our method can be applied to all treatment sites, there are some unresolved matters such as motion artifacts and differences in slice locations associated with breath. The mCBCT values and dose calculations for other locations will be studied in future research.
Conclusions
The method proposed herein can minimize the differences in the CBCT values in regions with different sizes, shapes, and inner tissue structures, as well as in off-center slices, because the CBCT values are converted using the histograms of each slice of simCT and CBCT images obtained for the same patient. The proposed method yielded dose calculations from mCBCT images for prostate cancer and head-and-neck cancer cases that agreed very well, within 2.0%, with those of simCT plans. Thus, the proposed method has considerable potential for clinical application in radiation treatment planning.
